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Synthesis of nanoscaled carbon materials 

The present invention relates to the synthesis of 
• nanoscaled carbon materials, especially Fullerenic nano- 
5 structures such as single or multi-walled carbon nanotiibes. 

Such materials have been produced previously using 
various approaches including the laser or arc-discharge 
ablation of a carbon/catalyst mixture target. . 

For larger scale synthesis, the most promising methods 
10 have been based on chemical, vapour decomposition (CVD) . In 
these methods, a carbon containing gas is decomposed at high 
temperature under the influence of a finely divided 
transition metal catalyst. 

The catalyst may be in the ■ form of a fragmented surface 
15 layer on a porous or non-porous macroscopic substrate (Ren et 
al. Bower et al, V I Merkulov, D H Lowndes, Y Y Wei et al, 
Andrews et al, and Cui et al, ) . As described in Kanzow et 
al, the catalyst may be a laser ablated nickel target exposed 
to a flow of reactant gas. 
20 Alternatively, the catalyst may be in finely divided 

form. In WOOO/17102, , the catalyst is constituted by 
nanometer sized metal particles supported on larger (10-20 
nm) alxxmina particles. The particles are placed in the 
centre of a furnace and the carbon containing gas is passed 

25 over them. 

In WOOO/73205, catalyst particles comprising two 
different metals supported on silica, alxamina, magnesia, 
zirconia or zeolite are used, again placed in a tube within a 
furnace. It is also suggested that the metallic catalytic 

30 particles may be continuously fed to the furnace. 
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In WOOO/26138, catalyst nanoparticles are continuously 
produced within a furnace in the presence of reactant gas by 
decomposing a gaseous catalyst precursor (nonnally FeCCOs) 
in the presence of a Enucleation agency' . This may be a 
laser which provides some or all of the energy needed for 
photolysis of the catalyst precursor, or it may be a 
precursor moiety that stimulates clustering of catalyst atoms 
by decomposing more rapidly or binding to itself more 
strongly after dissociation. Typically, this is Ni(C0)4. 

In our view it is doxabtful whether the mechanism of Fe 
catalyst cluster nucleation by Ni atoms described there is 
responsible for the improved nanotube production described. 
The Ni may be acting as a co-catalyst, as the formation of 
carbon nanotubes using Ni . as a catalyst is well known. 
Rather than being a well-defined substrate on which Fe atoms 
deposit in clusters, the Ni and Fe are essentially co- 
condensing. The formation of a solid solut:ion of the metals 
would be expected. 

A continuing problem in this art is the control over 
the extent of the production of multi-walled nanotubes in 
preference to single walled nanotubes and the Control of the 
diameter of the tubes. In CVD synthesis, fine structures, 
such as .single walled nanotubes require very fine catalyst 
particles with diameters similar to that of the synthesised 
material (typically about 1 nm) . Maintaining the required 
catalyst particle size generally requires the use of a 
substrate to act as a carrier material to stabilise the 
catalyst itself. However, the production of very fine 
supported catalyst particles prior to use in the nanotube 
synthesis is generally complex and expensive involving for 
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example aggressive reagents and supercritical drying. 
Substantial problems arise in preventing nanoparticles from 
coalescing prematurely and the synthesis of such particles is 
- not suitable for scaled-up production. 
5 The production of catalyst particles in situ in the 

reaction zone as in WOOO/26138/ where the catalyst particles 
are essentially unsupported, or. where the nucleation of 
catalyst clusters is enhanced by the presence, of Ni species 
suffers from a lack of particle size control. Since the 
10 particles are growing, the time at which they inxtiate 
nanotube growth may be critical - 

Because the nucleation sites are formed in situ from 
individual Ni atoms and comprise only a few atoms (2 to 5 
atoms) in total, the process offers little control over the 
15 size of the nucleating 'particle", or of the size of the 
final catalyst clusters- There is no controlled templating 
of the catalyst by the structure of the siobstrate. 

Accordingly, the present invention provides in a first 
aspect a method for producing nanoscaled carbon materials 
20 comprising providing, dispersed in a carrier gas, finely 
divided substrate particles on which to nucleate a catalyst, 
providing in said carrier* gas a catalyst precursor material, 
decomposing the catalyst precursor material . to form a 
catalytic metal in the presence of the substrate particles 
25 such that the catalyst metal is deposited on said substrate 
particles to form supported-catalyst particles dispersed in 
said carrier gas, forming a mixture of said dispersed 
supported-catalyst particles and a gas comprising a carbon 
containing gas at a temperature at which said carbon 
30 containing gas will react to form carbon when in the presence 
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Of said supported-catalyst,; particles, forming nanoscaled 
carbon materials by said carbon forming reaction and 
recovering the nanoscaled carbon materials. 

The carrier gas is pre(ierably the gas comprising the 
carbon containing gas. A stream of reactant gas can have the 
catalyst precursor and the substrate particles injected into 
it at or upstream of a reaction zone, and the supported 
catalyst can be formed in situ in the reactant gas, which 
therefore acts as the carrier gas referred to. 
Alternatively, the carrier gas containing the dispersed 
supported-catalyst particles is mixed with a gas comprising 
said carbon containing gas immediately following the 
formation of the supported-catalyst particles. In this 
method, the supported catalyst particles are formed by 
decomposing the catalyst precursor material in the presence 
of the substrate particles in a carrier gas (suitably an 
inert gas. under the conditions) and the .supported catalyst 
particles so formed carried within the carrier gas are then 
mixed into a reactant gas. The zones in which the supported- 
catalyst particles are formed and in which the nanotube 
forming reaction tak^s place are then separate. 

Suitable carbon-containing compounds for use as the 
gaseous reactant include carbon monoxide and hydrocarbons, 
including aromatic hydrocarbons, e.g., benzene, toluene, 
xylene, cumene, ethylbenzene, naphthalene, phenanthrene, 
anthracene or mixtures thereof, non-aromatic hydrocarbons, 
e.g., methane, ethane, propane, ethylene, propylene, 
acetylene or mixtures thereof and oxygen-containing 
hydrocarbons, e.g., formaldehyde, acetaldehyde, acetone, 
methanol, ethanol or mixtures thereof. in preferred 
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embodiments, the carbon-containing compound is carbon 
monoxide (CO) or methane or ethylene or acetylene. It is of 
course only required that the reactant be gaseous under the 
■ reaction conditions . 
5 The reactant gas may be mixed with other gas or gases 

acting as a diluent such as inert gases, e.g. argon. It may 
also be mixed with non carbon containing gases that play no 
direct role in the nanotube forming reaction but which play a 
contributory role, for instance by reacting with amorphous 
10 carbon as it is formed (as a by-product) and so keeping the 
reaction sites on the catalyst clean and available for 
nanotiibe formation. 

Gases which may be mixed with the carbon containing gas 
include argon, hydrogen, nitrogen, ammonia, or helium. 
15 The gaseous effluent from the reaction zone may be 

recycled, with or without clean up. 

The catalyst is suitably a transition metal. 
Particularly the Group VIB chromium (Cr) , molybdenum (Mo) , 
txingsten (W) or Group VIIIB transition metals, e. g., iron 
20 (Fe), cobalt (Co), nickel <Ni), rutheniijm (Ru) , rhodium (Rh) , 
palladium (Pd) , osmium (Ob), iridium (Ir) and platinum 
(Pt) oir mixtures thereof. Metals from the lanthanide and 
actinide series may also be used. Preferred are Fe, Ni, Co, 
Mo and mixtures thereof such as a 50/50 mixture (by weight) 
25 of Ni and Co, or a mixture of Fe and Ni, or a mixture of Fe 
and Mo. Any of these transition metals individually or in 
combination with any of the other transition metals listed 
may be used in clusters to serve as a catalyst for carbon 
nanotube growth. Particularly preferred catalysts are 
30 mixtures of two or more of the listed metals. 
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The transition metal clusters may have a size from about 
0.5 nm to over 30 xm. Clusters in the range of 0.5 to 3 nm 
will "produce singlewall nanotubes, while larger clusters -tend 
to produce multiwall nanotubes with outer diameters greater 
than about 3 nm. Generally, using the process of this 
invention, catalytic production of nanotubes will be 
predominantly singlewall nanotubes. 

The precursor is preferably a heat or light or plasma 
decomposable compound of one or more metals listed above, 
such as a carbonyl or cyclopentadienyl organometallic 
compoiind. 

Preferably, under the reaction conditions, the catalyst 
precursor is gaseous prior to decomposition. Solid or .liquid 
(at room temperature) catalyst precursors may be pre-heated 
to produce volatilisation prior to introduction into the 
presence of the substrate material. Alternatively, solid or 
liquid catalyst precursor may be directly fed to the reaction 
zone together with or separately from the substrate material 
and without pre-heating. 

Solid or liquid catalyst precursors and solid or liquid 
substrate materials may .ibe entrained into gas flows for 
conveying to the reaction zone by known methods. These, 
include the use of a solution of each in each other or in a 
solvent (which may be the carbon source for the nanoparticle 
production, e.g. a hydrocarbon) or sublimation. 

Suitably, formation of the nanoscale carbon materials 
takes place at a temperature of from 650°c to 1250°C, e.g. 
850° to llOO^C. 

The substrate particles are conveyed from a supply of 
substrate material and are mixed with the catalyst precursor 
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material either before or after the catalyst precursor 
material reaches the zone in which decomposition occurs. 

The substrate may be by way of exan^jle silica, alumina 
• or a POSS (polyhedral oligomeric silsesquioxanes or 
5 polyhedral oligomeric silicates) . Some of these materials 
are liquid at room temperature. Generally a single POSS 
molecule will constitute a particle of substrate for nanotube 
growth. In the most straightforward case, the substrate 
particles are simply finely ground powders, such as silica or 
10 .. alijmina. Finer material may be generated by a range of 
methods, known to those skilled in the art, such as colloidal 
processing, spray-drying, hydrothermal processing and so on. 
Particular benefit for the production of nanotubes may be 
derived by using structured substrate particles, particularly 
15 mesoporous silicas, anodised alumina membranes, or zeolites. 
These materials have channels of similar dimensions to 
nanotubes, and can further guide both, the deposition of 
catalyst and synthesis of nanotubes. A particularly 
preferred approach, is to use, so-called POSS (polyhedral 
20 oligomeric silsesquioxane) compounds, as the catalyst- 
substrate particles. In .this case the distinction between 
catalyst and substrate ik rather blurred, as POSS conqoounds 
are themselves molecular silica-based materials. A POSS 
molecule can act as a site for catalyst formation in situ or, 
25 as described below in connection with a second aspect of the 
invention, in a pre-reaction step. An attractive option is to 
functionalise POSS itself with metallic functionalities - 
creating a catalyst-substrate in a single molecule (strong 
substrate-catalyst interactions have been shown to favour 
30 single-wall nanotube production) . 
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The advantages of using a POSS are numerous. They have a 
very high surface area. Their diameters are around 1 nm (the 
same size- as single wall nanotubes) but are tuneable as 
different POSS molecules have different sizes. They can be 
monodisperse (have specific molecular weights) and hence have 
the potential to generate well defined products. As they 
have molecular character, they may be liquid or may be 
dissolved in a suitable liquid carrier (and may potentially 
even be evaporated directly) for injection into the furnace. 
They have excellent thermal stability in themselves. They 
have the potential to form well-defined derivatives that 
potentially add catalytic metal particles (for example iron) . 

The finely divided substrate particles preferably have a 
size not smaller than 1 nm, e.-g. not less than 5 nm. They 
may contain not less than 10 atoms,, e.g. not less than 15 to 
20 atoms, perhaps not less than 50 atoms or 75 atoms. The 
substrate .is fed to the zone in which the. catalyst precursor 
material is decomposed and preferably' is essentially 
unchanged in the step of supported-catalyst particles, except 
for the deposition thereon of the catalyst material. 
However, some chemical modification of the substrate 
particles during the fS>rmation of the supported-catalyst 
particles is permissible, e.g. the removal of surface 
chemical groups or solvating chemical side chains. 
Preferably, the size of the substrate particles remains 
substantially unchanged. 

The presence of the substrate particles during the 
decomposition of the catalyst precursor material serves to 
lower the nucleation energy of the catalyst atoms and to 
control the size and shape of the catalyst cluster so formed. 
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To stimulate decomposition of the catalyst precursor 
material, an additional energy source (over and above the 
temperature of the decomposition . zone) may be locally 
' applied. Such a source is preferably a laser beam which may 
5 be directed into the catalyst precursor material in the 
presence of the dispersed substrate particles / but may be a 
plasma discharge or an arc discharge formed in the presence 
of the catalyst precursor material and the dispersed 
substrate particles, A pulsed or CW laser may be used, e-g. a 
10 KrF eximer laser or a Nd:YAG laser. 

Preferred gas pressures are from 0.1 to 50 bar A, 
preferably from 0.5 to 5 bar A, more preferably 1 to 2 bar A. 
The ratio of catalyst metal to carbon fed to the reaction 
zone is preferably less than 1:100, e.g. 1:100. to 1:500. 
15 In a second, independent aspect, the present invention 

provides method for producing nanoscaled carbon materials 
comprising providing, dispersed in a reactant gas, finely 
divided supported-catalyst particles comprising catalyst 
atoms carried by substrate particles, 
'20 wherein said reactant gas comprises a carbon containing 

gas at a temperature at v^hich said carbon containing gas will 
react to form carbon wheA in the presence of said supported- 
catalyst particles and said substrate particles are POSS, 
forming nanoscaled carbon materials by said carbon forming 
25 reaction and recovering the nanoscaled carbon materials. 

Whilst the supported-catalyst particles may be produced 
in situ in accordance with the first aspect of the invention, 
they may also be pre-prepared by unrelated methods. For 
instance, the POSS used may be a metallo-organic-silica 
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compound in which the catalyst metal is part of the POSS 
molecule, rather than being deposited thereon. 

All of the advantages of using POSS mentioned previously 
apply in this aspect of the invention also. 

The methods described herein according to either aspect 
of the invention may be optimised for the production either 
of single or multiwalled carbon nanotubes. 

A number of process parameters may be adjusted with a 
view to increasing the yield of single-walled nanotubes. 
Previous practice has typically been to inject catalyst 
precursors into the reactant gas no later than at an upstream 
end of a reaction furnace, so that there is a gradual rise in 
the temperature of both the reactant gas and the catalyst. 
To minimise the size of catalyst clusters and so to favour 
the production of small diameter niaterials, it is preferable 
to inject the catalyst precursor as rapidly as possible into 
a hot region of the furnace, where the . reactant gas has 
already reached reaction temperature. 

A preferred option is to introduce the precursor from an 
inlet in the side wall of the main stream, so, ideally, the 
precursor nozzle is fasKdoned to turn the injection flow 
parallel to the main feedstock flow, either downstream or 
upstream. The latter option can be advantageous with regard 
to turbulent mixing, as discussed further below. The injected 
precursor may contain some reactant gas or other gas as 
carrier. 

It is preferred that the precursor mix is dilute. An 
inert carrier can be used to separate the precursor molecules 
or droplets from each other. The greater the separation the 
slower the condensation of larger metal clusters, a precursor 
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vapour is preferable to liquid as the concentration is lower. 
If droplets of precursor liquid are introduced they should be 
^ as small as possible (i.e. an aerosol) and the liquid may be 
'diluted with a suitable diluent, which may be a hydrocarbon 
5 source in itself. 

The precursor stream should be mixed and diluted with 
the carbon feedstock as rapidly as possible. High speed 
mixing can be achieved using turbulent flows and particularly 
the use of an expansion nozzle for either the feedstock or 
10 . the precursor. Preferably, the precursor is expanded since 
the resulting temperature reduction suppresses metal cluster 
formation until mixing and dilution are further advanced. 

The use of a high thermal stability precursor minimises 
premature decomposition and cluster formation. 
15 Excessively stable catalyst precursors can be a 

disadvantage since the position of the metal catalyst 
formation will vary along the length of the furnace (since it 
will take a significant time after injection) . The situation 
can be remedied by using a secondary energy source such as a 
20 laser as described above. 

In a third aspect, the present invention relates to a 
method for producing nan&scaled carbon materials comprising 
forming a mixture in a carrier gas of a finely divided solid, 
a heat-decomposable metal complex, and a carbon containing 
25 gas, heating the mixture and collecting the nanoscaled carbon 
materials formed. 

In a fourth aspect, the present invention relates to a 
method for producing nanoscaled carbon materials comprising 
forming a mixture in a carrier gas of a POSS, a metal 
30 carbonyl or cyclopentadiene compound, and a carbon containing 
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gas, heating the mixture, and collecting the nanoscaled carbon 
materials formed 



The invention will be further illustrated by the 

• following examples, as illustrai-f-rl 
^ ^ . iJ-xustrated m the accompanying 

5 drawings, in which: 

Figure 1 shows the apparatus used in Example 2; 



Figure 2 shows the products obtained in Example 2, 

a) bright field image 

b) dark field i^age with position of the objective 
aperture on the 002 diffraction ring indicated; 

Figure 3 shows the products obtained in Example 3; 

Figure 4 shows the apparatus used in Example 4; 

Figure 5 shows the products obtained in Example 4; 

Figure 6 shows the products obtained in Exampl. 



and 



Le 5, 



The examples were tarried out at just above ai^ient 

IZTll: -intalned by the use a silicon 

Oil bubbler. 



25 

Example 1 



A vertical furnace containing a silica tuba (internal 
diameter 65 length 90 c„, can be used to synthesis 

30 nanotubes. The tube is sealed at both ends by metal fittings 
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(water-cooled where necessary) with suitable access ports for 
gas, and solid substrates and products. Two streams of dry, 
•filtered, hydrogen are passed through the furnace from the 
' top downwards, one is bubbled through a solution of toluene 
5 saturated with ferrocene • The flow rates in the two streams 
are around 300 cc/min (bubbled) and 700 cc/min (pure) . 
Finely groxmd silica or POSS powder is held in a gas-tight 
hopper at the top of the furnace and is fed into the furnace 
tube at a constant rate by means of a screw feed (at aro\ind 
10 0.5 g/hr) . The furnace is heated to lOS^'C. The powder falls 
through the furnace where it first collects catalyst 
particles which then allow the formation of nanotubes . The 
product is collected at the bottom of the furnace, and the 
exhaust gas is cleaned for disposal or recycling. 
15 Various modifications of the illustrated method are 

possible. The silica may be supplied as described above, but 
the hydrogen stream carrying the toluene and ferrocene may be 
injected through a side arm of the main furnace tube, 
directly into the hot zone. 
20 Alternatively, the hydrogen gas streams may' be supplied 

from the bottom of the furnace, to supply a counter current 
supporting the silica particles, and hence increasing their 
residence time in the furnace. 

Alternatively, when using POSS-based material, the 
25 hopper may not be employed. Instead the POSS material (e.g. 
dodecaphenyl-POSS) is dissolved in the toluene carrier along 
with the ferrocene. 

Example 2 

30 
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As shovm in Figure 1, a vertical quartz reaction tube 10 
(1.4 m long, 0.065 m internal diameter) having ends 12 sealed 
with plates 14 cooled by an electric fan (not shown) was 
placed inside a clam furnace 16 having a 0.9 m long hot. zone 
18 heated to 800 °C. A syringe 20 controlled by a syringe 
pump 22 was used to introduce a solution 24 of 4 wt% 
ferrocene and 1.12 wt% dodecaphenyl POSS in toluene into the 
upper end 12 of "the quartz tube 10 via a steel needle 26. 
The fall of the solution 24 was impeded by a horizontal metal 
plate 28 suspended above the hot zone 18 such that it was at 
a temperature of 425 "C. The plate 28 was used to aid 
sublimation of the solution 24. Argon 30 was passed into the 
upper end 12 of the quartz tube 10 via an inlet pipe 32 at a 
flow rate controlled by a flowmeter (not shown) of 0.2 1/min. 
The reaction products (not shown) passed through the lower 
end 12 of the quartz tube 10 via a pipe 34 into an ice-cooled 
flask 36- then through a silicone oil' bubbler 38. The 
reaction products (not shown) were collected from the exhaust 
40. The reaction was riui for 20 minutes. The product was 
found to consist of a mixture of aggregates and nanofibres, 
with the latter forming a|i estimated 5 % of the product. The 
nanofibres were solid, with no hollow and ranged in diameter 
from approximately 60 to 200 nm (Figure 2). Dark field 
imaging demonstrated that the nanofibres were graphitic and 
at the edges there was some preferential orientation of the 
graphite planes parallel to the long axis of the nanofibres 
(Figure 2) . There were also small crystals embedded in the 
fibres . 



Example 3 
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The apparatus described in Example 2 was used with the 
metal plate 28 being replaced by a ceramic crucible (not 
.Tshown) and a flow rate of 2.5 1/min of argon being used. The 
5 solution 24 was injected at a rate of 10 ml/hour. The 
solution 24 was sublimed from the crucible (not shown) and 
swept into the furnace 16. The reaction was run for 20 
minutes and material was collected from a quartz substrate 
(not shown) at the end of the hot zone 18. The product was 
10 found to consist of approximately 50 % multi-walled nanotubes 
and 50 % nanosized particles (Figure 3) . 

Example 4 

15 As shown in Figure 4, a- horizontal quartz reaction tube 

10 (1.4 m long, 0.065 m internal iciiameter) having ends 12 
sealed with plates 14 cooled by an electric fan (not shown) 
was placed inside a clam furnace 16 having - a 0.9 m long hot 
zone 18 heated to 760 °C. Argon 30 was passed through the 

20 quartz tube via an inlet pipe 32 at a rate of 0.2 1/min 
measured at 25 "C. A solution 44 of 1 wt% ferrocene and 8.3 
wt% dodecaphenyl POSS in ^toluene was dispersed as an aerosol 
45 from a reservoir 46 into the inlet end 12 of the quartz 
tube 10 using argon 48 at a rate of 4 . 5 1/min. The reservoir 

25 4 6 was attached to an argon-filled bag 50. The solution 4 4 
was introduced at a rate of 5 g/minute. The aerosol 45 was 
placed 0.12 m from the front of the furnace 16. The reaction 
was run for 2 minutes and the products (not shown) were 
passed through a flask 36 and a silicone oil bubbler 38 
30 before being collected from the exhaust 40. The products 
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were found to include solid fibres between approximately 15 
and 180 nm in diameter and spheres (Figure 5). The diameter 
of the spheres ranged from 100 nm to microns. 

Excimple 5 

The apparatus described in Example 4 was used, with the 
aerosol 45 replaced by a direct injection system (not shown) 
consisting of a syringe (not shown) driven by a syringe pump 
(not shown) . Argon 30 was passed through the quartz tube 10 
at a rate of 0.4 1/min measured at 25 °C. A solution (not 
shown) of 1 wt% ferrocene and 2 wt% dodecaphenyl POSS in 
toluene was injected into the furnace 16. A size 30G needle 
(not shown) was used so that .the solution (not shown) entered 
the furnace 16 as a steady stream' {not shown) . The reaction 
was run for 4 minutes and the products (not shown) were 
collected, from the back of the quartz tdije 10. It was found 
that multi-walled nanotubes were formed with diameters of 
approximately 20 nm (Figure 6) . These nanotubes had a carbon 
coating on their outsides. 

I 

It will be appreciated that many modifications and 
variations of the invention as described herein with 
reference to preferred embodiments thereof may be made within 
the broad scope of the invention. 
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CLAIMS 



A method for producingr nanoscaled carbon materials 
comprising providing, dispersed in a carrier gas, finely 
divided substrate particles on which to nucleate a 
catalyst, providing in said carrier gas a catalyst 
precursor material, decomposing the catalyst precursor 
material to form a catalytic metal in the presence of 
the substrate particles such that the catalyst metal is 
deposited on said substrate particles to form supported- 
catalyst particles dispersed in said carrier gas, 
forming a mixture of said dispersed supported-catalyst 
particles and a gas comprising a carbon containing gas 
at a temperature at which said carbon containing gas 
will react to form carbon when in the presence of said 
supported-catalyst particles, forming nanoscaled carbon 
materials by said carbon forming reaction and recovering 
the nanoscaled carbon materials. 

A method as claimed in Claim 1, wherein said carrier gas 
is the gas comprisintr the carbon containing gas. 

A method as claimed in Claim 1, wherein the carrier gas 
containing the dispersed supported-catalyst particles is 
mixed with a gas comprising said carbon containing gas 
immediately following the formation of the supported- 
catalyst particles. 
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4. A method as claimed in any preceding claim, wherein the 
carbon containing gas is carbon monoxide, an oxygen 
^ _ containing organic gas or a hydrocarbon • 

5 5. A method as claimed in Claim 4, wherein the carbon 
containing gas is carbon monoxide, benzene, toluene, 
xylene, cumene, ethylbenzene, naphthalene, phenanthrene, 
anthracene, methane, ethane, propane, ethylene, 
propylene , acetylene , formaldehyde , acetaldehyde , 
10 ^. acetone, methanol, ethanol or mixtures thereof. 

6. A method as claimed in any preceding claim, wherein the 
catalyst precursor is a transition metal compound. 

15 7. A method as claimed in Claim 6, wherein the catalyst 
precursor is an iron, cobalt, molybdenum or nickel 
compound, or a mixture of two or -more thereof, or a 
compound containing two or more said metals* 

20 8. A method as claimed in any preceding claim, wherein the 
catalyst precursor is a metal carbonyl, or a metal 
cyclopentadiene compcSund. 

9. A method as claimed in any preceding claim, wherein the 
25 catalyst precursor is gaseous prior to the decomposition 

thereof. 

10. A method as claimed in any preceding claim, wherein the 
formation of the nanoscale carbon materials takes place 

30 at a temperature of from 650°C to 1250''C. 
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11. A method as claimed In any preceding claim, wherein the 
substrate is silica, alumina or a POSS. 

12. A method as claimed in any preceding claim, wherein the 
finely divided substrate particles have a size not 
smaller than 1 nm. 



13. 

10 



A method as claimed in any preceding claim, wherein to 
stimulate decomposition of the catalyst precursor 
material, a laser beam is directed into the catalyst 
precursor material in the presence of the dispersed 
stibstrate particles. 



14. 



A method as claimed in any preceding claim, wherein to 
15 stimulate decomposition of . the catalyst precursor 

material, a plasma discharge or an arc discharge is 
formed in the presence of the .catalyst precursor 
material and the dispersed substrate particles. 



20 15. 



A method as claimed in any preceding claim, wherein said 
nanoscaled carbon Materials are single or multiwalled 
carbon nano tubes. 



16. 

25 



30 



A method for producing nanoscaled carbon materials 
comprising providing, dispersed in a. reactant gas, 
finely divided supported-catalyst particles comprising 
catalyst atoms carried by substrate particles, 

wherein said reactant gas comprises a carbon containing 
gas at a temperature at which said carbon containing gas 
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will react to form carbon when in the presence of said 
supported-catalyst particles and said substrate 
particles are POSS, 

5 forming nanoscaled carbon materials by said carbon 

forming reaction and recovering the nanoscaled carbon 
materials . 

17. A method as claimed in Claim 16, wherein the catalyst 
10 atoms are bonded to the POSS particles at defined 

locations • 

18. A method for producing nanoscaled carbon materials 
comprising forming a mixture in a carrier gas of a 

15 finely divided solid, a heat-decomposable metal complex, 

and a carbon containing gas, heating the mixture and 
collecting the nanoscaled carbon materials formed. 

19. A method for producing nanoscaled carbon materials 
20 comprising forming a mixture in a carrier gas of a POSS, 

a metal carbonyl or cyclopentadiene compound, and a 
carbon containing *gas, heating the mixture and 
collecting the nanoscaled carbon materials formed. 
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FIGURE 1 




36 38 



WO-02/092506 



PCT/GB02/02239 ' 




FIGURES 



50OCID:<WO.. 02092506A1_U> 



wo 02/092506 



PCT/GB02/02239 " 




■i 



. wo 02/092506 

r 



PCT/GB02/02239 " 




3DOCI0: <WO 



_0209250SA1 L> 



wo 02/092506 



PCT/GB02/02239 ' 




INTERNATIONAL SEARCH REPORT 



-national Application No 

PCT/GB 02/02239 



A. CLASSIRCATION OF SUBJECT MATTER 

IPC 7 C01B3l702 



According lo Intemallonai Patent Ciassificalion <IPC) or to both national dasstficatlon and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system foDowed tiy classification 3yml>ols) 

IPC 7 COIB 



Documentation searched other than minimum documentation to the extent that such documents are included tn the fields searched 



Electronic data base consulted during the iritemational search (name of data base and, where practical, search terms used) 

WPI Data, PAJ, INSPEC, COMPENDEX, CHEM ABS Data, EPO-Internal 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category * Citation of document, wtth mdlcaiion, where appropriate, of the relevant passers 



Relevant to dalm No. 



P,A 



WO 01 38219 A (TDA RES INC) 
31 May 2001 (2001-05-31) 
page 6, line 29 -page 10, line 15 
figure 3 

WO 99 06618 A (HYPERION CATALYSIS INT) 
11 February 1999 (1999-02-11) 

claims 1-23 

figure 1 



P. A 



US 6 362 Oil Bl (LELAND JONATHAN K 
26 March 2002 (2002-03-26) 
paragraphs '0031! -'0033! 

-/- 



ET -AL) 



1,16,18, 
19 



1,16,18, 
19 



1,16,18 



Further documents are listed In the continuation of box C. 



Patent family members are listed in annex. 



Special categories of cited documents : 

"A* document defining the general stale of the art which is not 

considered to be of particular relevance 
'E' earlier document tHit published on or after the intemallonai 

filing date 

■L' document which may throw doubts on priority c!aim(s) or 
whtoh Is cited to establish the publication dale of another 
citation or other special reason (as specified) 

"O* document referring to an oral disclosure, use. exhibition or 
other means 

'P' document published prior to the international fiUng date but 
later than the priorily date claimed 



'T* later document published after the International filing dale 
or priority date and not in conflict with the application but 
died to understand the principle or theory underlying the 
invention 

*X* document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

*y document of particular relevance; the claimed invent'ion 

cannot be considered to Involve an Inventive step when the 
document is combined with one or more other such docu- 
ments, such Gomldnatlon being obvious to a person sMDed 
in the art. 

*&* document member of the same patent family 



Date of the actual completion of the international search 



3 September 2002 



Date of mailing of the international search report 



10/09/2002 



Name and malQng address of the ISA 

European Patent Office. P.B. 5818 Patenllaan 2 
NL-2280HV Rijswijk 
TeL (4^1-70) 340-2040» Tx. 31 651 epo nl. 
Fax: (+31-70) 340-3016 



Authorized officer 



Rigondaud, B 



Fonm PCT/ISA/210 {second sheet) (July tS92) 



page 1 of 2 



SOOCIO: <WO„02092506A1 J.> 



INTERNATIONAL SEARCH REPORT 




Foim PCiyiSA/ZlO (continualton erf second sheat) (July 1892) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

Information on patent family members 



matlonal Application No 

PCT/GB 02/02239 



Patent dcxiument 




Publication 




Patent family 


Publication 


cited In search report 




date 




member(s) 


date 


UO 0138219 


A 


31-05-2001 


All 

AU 


loo^oOl A 


U4— Uo-~^iUUl 






* 


WO 


m 'iOOl Q A 1 

OioBiCiy Ai 


ol— Uo^UUl 


UO 9906618 


A 


11-02-1999 


us' 


6221330 Bl 


24-04-2001 








All 

AU 


OCOQ/IQO A 


^z— Ut— lyyy 








EP 


100214/ Al 


Z4— Ub— ^UUU 








uP 


ZOOlbiifOo/ 1 


oi no onm 
Zl— Oo— ^UUl 








UO 


9900Dlo Al 


11— 0^— lyyy 


US 6362011 


. 81 


26-03-2002 


US 


COCCA^A A 

5o004^4 A 


uz— u^— lyyy 








us 


o203ol4 d1 


on no onni 
20-03-2001 








1 lo 

us 


200208o335 Al 


r\A AT onno 
04— 0/-^00Z 








AU 


724509 82 


oi nn onnn 

21— oy-^iuou 








All 

AU 


2073/9/ A 


oo no ittn"7 

Z2— oy-iyy/ 








CA 


OOAOOAO Al 

2Z4oo9o Al 


1 o no 1 

iz— oy-iyy/ 








CN 


1Z17791 A 


o/j nc 1 Qoo 

zo— UD-iyyy 








EP 


0885393 Al 


oo 1 o 1 ano 
23— 12"~iyyo 








JP 


2001507787 T 


1 o n^ onni 

iz— uo-zuui 








wo 


ArJOOIT/I Al 

97331 /o Al 


1 o nn 1 Qn*? 

12— oy-iyy/ 








^ A 

ZA 


ATAI Al EI A 

970191b A 


nn nn 1 on"? 
oy— oy— lyy/ 








All 

AU 


707522 82 


1 c AT 1 nnA 

ib-oz-iyyy 








All 




UO 1 572#0 








CA 


2207282 Al 


13-06-1996 








EP 


0796403 Al 


24-09-1997 








JP 


11502494 T 


02-03-1999 








KR 


263027 Bl 


01-08-2000 








UO 


9618059 Al 


13-06-1996 



if 



Rmtti PCT/ISA/2l06mient(amily annex) (July 1992) 



50OCI0: <WO_02092506A1J_> 



